The influence of ethylene and CO2 on pollen germination and tube growth was investigated employing ventilated culture systems. Ethylene had no effect on pollen germinability or tube growth. Germinating pollen did not produce a detectable amount of ethylene (less than 0.1 nl/g*hr). Supplementing the cultures with C02 caused a marked increase in germination and tube growth. The half-maximal response for germination was less than 0.5%. C02 levels ranging from 1.08 to 2.22% were found in the internal cavity of lily styles. CO2 derived from stylar metabolism may, therefore, modulate pollen tube growth thus integrating the events leading to fertilization. (2) whose action was the point of investigation. Nakanishii et al. (6) have shown that CO2 increases the number of pollen tubes penetrating the stigma papilla cells in self-incompatible Brassica while ethylene has no effect. Because of these interrelated effects of the production and action of CO2 and ethylene, the conventional closed or poorly ventilated pollen germination systems were inappropriate for this study and continuously ventilated systems were developed.
Recent reports that ethylene increases pollen germination and tube growth (1, 8) prompted us to examine pollen as a simple biological system for studies on ethylene action. Pollen is anatomically simple compared to other highly differentiated tissues and plant organs generally employed. Furthermore, ap- propriate germination media and culture systems have been exhaustively investigated. Conventionally, hanging drop or other closed environment culture systems are employed. Germinating pollen has a high respiration rate (4) which causes CO2 to accumulate in closed cultures, and fixation (9) would then be an uncontrolled variable. More importantly, CO2 is a competitive inhibitor of ethylene (2) whose action was the point of investigation. Nakanishii et al. (6) have shown that CO2 increases the number of pollen tubes penetrating the stigma papilla cells in self-incompatible Brassica while ethylene has no effect. Because of these interrelated effects of the production and action of CO2 and ethylene, the conventional closed or poorly ventilated pollen germination systems were inappropriate for this study and continuously ventilated systems were developed.
MATERIALS AND METHODS
Pollen used in these experiments was collected from freshly opened flowers of greenhouse lily, Lilium longiflorulm Thunb, cv. Ace, except where otherwise specified (Table III, Fig. 4 ). Each morning freshly dehiscing anthers were harvested and placed on weighing paper in front of a fan until fully dehisced. were carried out at 27 C in a room where the relative humidity was maintained above 80%. Pollen was always equilibrated in the assay room before inoculation. A thin film of vaseline was used to seal cover slips to a brass cylinder fitted with gas inlet and exhaust ports as illustrated in Figure 1 . All gases were humidified by bubbling through water, and the filter paper in each brass cylinder was moistened with 0.2 ml of distilled water to ensure saturation of the atmosphere surrounding the hanging drop. With gas flows as high as 300 ml/min through these chambers for up to 24 hr no decrease in diameter of the hanging drop could be detected. A metered flow of various measured, constant ethylene and CO2 mixtures (in cylinders) was admitted to the cultures and the concentration of each gas was monitored at the exhaust from each chamber by gas chroma. tography. Ethylene was measured by a Varian Aerograph model 1700 equipped with an activated alumina column and a flame ionization detector. CO2 and 02 were measured by a gas chromatograph employing silica gel and molecular sieve in parallel and a katharometer. After the appropriate germination period, growth was stopped by rapid freezing at -10 C. Percentage of germination was measured by examining and counting the grains in the drop under a dissecting microscope. Tube length measurements were made from projections of photographs of the drop.
RESULTS AND DISCUSSION
Buffering of the Medium. Because varying CO2 concentrations were used, it was necessary to buffer the medium to eliminate any possible effect of CO2 on pH. Several buffering systems were tested for their effects on percentage germination and maintenance of pH in submerged shake cultures with continuous flow of air or 5% CO, in air through the cultures. Tulip, Tulipa gesneriara, cv. Madam Spoor and Gander, pollen was used for these experiments. High germination was observed in unbuffered cultures at pH 5.0 so this pH was selected. Cultures with 10 mm MES (pK 6.15) maintained pH 5.0 and had the same germination as unbuffered controls. Buffering at higher pH decreased the germination slightly. High germinability of lily pollen was observed in unbuffered media at pH 5.4 so MES at this pH was used for the CO2 studies.
CO, Effect. The germination of lily pollen in hanging drop cultures increased rapidly when the CO2 concentration was in- creased from 0.03% (in air) to 1.3%, with very little further effect at concentrations up to 5% ( Fig. 2A) . The half-maximal CO, concentration was 0.25% to 0.5% as measured by double reciprocal plots (Fig. 2, A and B) . Similar results were obtained with submerged shake cultures where CO2 concentrations up to 8.4% were used (Fig. 2B) . The internal CO2 concentration in the stylar cavity of the lily flower was found to be 1.59% (Table  I) , which is very close to the optimum concentration found for best germination in vitro. Ethylene Production. The ethylene content in the air stream leaving the hanging drop cultures was the same as the inlet concentration even when the number of pollen grains was increased and the flow rate decreased to a level that respiratory CO2 accumulated. The minimum ethylene concentration detectable was 5 nl/l in a 1-ml sample. No ethylene accumulation attributable to pollen was observed in closed shake cultures after 3½2 hr, during which 79% germination occurred. These cultures contained 5 mg of pollen in 1 ml of medium per 25-ml flask. The ethylene concentration in 10 flasks with and without pollen was 19 nl/l + 3 and 19 nl/l + 2, respectively. (Table II) . Similarly. ethylene had no effect on germination in 5% CO2 where high germination was obtained. These results contradict those of Search and Stanley (8) and Buchanan and Biggs (1) . In an attempt to resolve this paradox we used peach (Prunus persica cv. Elberta) and pear (Pyrus communis cv. Packham) pollen obtained from a commercial source and stored dry at -10 C. The medium and culture system were those previously reported (1) except that our air controls were sealed in polyethylene bags. The bags containing the cultures had air inlets and exhausts and were aerated for 5 min before closing and injecting ethylene into some of them to yield a concentration of 1 jd/l. Ethylene did not alter the percentage of germination (Table III) . The increased germination observed by Buchanan and Biggs (1) may have occurred in response to CO2 produced by the pollen in the sealed plastic bags used for the ethylene treatments. Ethylene was reported (7) to increase pollen germination only in the absence of boron in the medium. Using peach pollen in hanging drops continuously ventilated with 5% CO2 containing 10 ,ul/l ethylene, we found no effect of 10 ,tg/g boron on percentage of germination.
Evidence that ethylene did not affect the rate of growth of lily pollen tubes was obtained from tube length distributions in hanging drop cultures (Fig. 3) . Adding ethylene did not significantly alter the distribution pattern in air or in 5% CO2. However, CO2 with or without ethylene increased pollen tube length. The influence of ethylene on rate of pollen tube growth was checked by measuring single pollen tubes in hanging drop culture on a microscope stage. The incubation chamber was continuously flushed with the appropriate gas mixture which could be changed at will. Adding or removing ethylene did not alter the growth rate of pear pollen tubes (Fig. 4) . The slight shifts in the growth curve are due to curvature, which introduces an error into the length measurement. The extreme variability of all pollen material used was a constant frustration throughout these studies. The range in percentage of germination within replicates is seen in Table II . Similarly, there was extreme variation in pollen tube length both between and within individual replicates whether employing hanging drop, submerged, or shake culture. Tube lengths ranged from just emerging to 20 or more times the grain diameters. Where the growth of two neighboring pollen tubes was measured under the microscope very different rates were obtained. The same variability was observed in hanging drop cultures of lily pollen when undiluted stigmatic fluid was used as the medium. It is doubtful that the artificial growth medium used is the source of the variation. Perhaps the method of collecting the pollen results in a sample of varying maturity. Further experimentation is needed to clarify this point.
The apparent inability of pollen to synthesize ethylene and its insensitivity to exogenous ethylene are unique. Pollen is a rich source of auxin which induces ethylene synthesis in stylar tissue of orchids, and eventually the other floral parts, causing them to senesce (3). Auxin stimulation of ethylene synthesis in vegetative tissue and fruits is a general phenomenon resulting in many diverse morphological and physiological changes. The marked stimulatory effect of CO2 on pollen germination and tube growth has not been generally recognized. External application of CO2 apparently enhanced pollen tube growth in Brassica (6) . Participation of endogenous CO2 in this process is likely because stimulatory levels were found within the stylar cavity of lily (Table I) . CO2 from stylar metabolism may in fact modulate pollen tube growth because the internal CO2 concentration would reflect respiration rate changes. In addition, a declining concentration of 02 observed (5) within the style implies a corresponding increase in CO2 concentration. The biochemical role of CO2 in germination and tube growth has not been ascertained. CO2 fixation which is known to occur in pollen (9) may regulate the supply of oxaloacetic acid and hence affect the rate of metabolism.
The marked influence of CO2 on pollen germination and tube growth may explain the well known "population effect" wherein germination increases as the pollen population increases due to CO2 accumulation from respiration.
